The role of humic acid (HA) in the biodegradation of toxic polycyclic aromatic hydrocarbons (PAHs) has been the subject of controversy, particularly in unsaturated environments. By utilizing an infrared spectromicroscope and a very bright, nondestructive synchrotron photon source, we monitored in situ and over time the influence of HA on the degradation of pyrene (a model PAH) by a bacterial colony on a magnetite surface. Our results indicate that HA dramatically shortens the onset time for PAH biodegradation from 168 to 2 hours. These results will have large implications for the bioremediation of contaminated soils.
Introduction
Humic acids (HAs) are complex organic molecules produced by the decomposition of plant and animal remains in soils. The surfactant-like micellar microstructure of HA (1,2) is thought to accelerate the degradation of polycyclic aromatic hydrocarbons (PAHs) (3) by enhancing PAH solubility (4, 5) , thereby increasing the PAH bioavailability to microorganisms. Despite abundant evidence that HA is important in the bioremediation of several anthropogenic pollutants (6) (7) (8) , its role in the detoxification of PAHs by microbes remains uncertain.
Reports of the effects of HA on the biodegradation of PAHs in aqueous and watersaturated geological environments are contradictory, some showing increased degradation (9-12), some inhibition (11, 13, 14) , and others no effect (15) . Few studies have evaluated HA effects in unsaturated geological environments (such as the vadose zone), where research tools are generally limited to analysis of extracted contaminants (16) or the use of radio-labeled tracers to follow contaminant fate among humic acid, fulvic acid, and humin fractions (17) . The results of these studies were also inconclusive. However, the addition of humic-rich compost in unsaturated geological systems has been shown to increase biological degradation of PAH more than amendment with either fertilizer or bacteria (16, 18, 19) .
These inconclusive results motivate a novel approach to the study of this important biogeochemical process. To determine the effects of HA on the bioremediation of PAH with confidence requires a nondestructive microprobe with chemical specificity, one that can track and identify the progress of PAH biotransformation, with and without HA, in a single bacterium or colony of bacteria on a mineral surface. Synchrotron radiationbased Fourier transform infrared (SR-FTIR) spectromicroscopy is such a tool. With a signal-to-noise ratio far superior to that of conventional FTIR systems (20) , SR-FTIR spectromicroscopy yields unique infrared signatures for each of the components of the biotransformation system at spatial resolutions smaller than 10 microns, the size of a small colony of bacteria.
We used SR-FTIR spectromicroscopy to examine the effects of soil HA on biodegradation of the model PAH pyrene in the presence of a colony of Mycobacterium sp. JLS, on a mineral surface in an unsaturated environment. Infrared spectra measured during the onset and progress of biodegradation constitute the first microscopic study of this process to be made in real time.
Procedure
SR-FTIR spectra were obtained from samples of M. sp. JLS as they degraded pyrene on magnetite surfaces, with and without the addition of Elliott Soil Humic Acid (ESHA).
The ESHA used in this study was the International Humic Substances Society's humic acid standard, well-characterized and chemically very stable, which is prepared from Elliott soil, typical of the prairie soils of the United States. ESHA improves aeration and water-holding capacity and provides a more hospitable environment for microorganisms, but it is a poor source of energy for their growth and development The chips were cleaned by sonication in deionized and organic-free water and sterilized by ultraviolet irradiation. A thin film of pyrene was placed on most magnetite surfaces by using 1 -5 µl of 1000-ppm pyrene (spectroscopy grade; Sigma) dissolved in hexane (spectroscopy grade; Sigma). The hexane was allowed to evaporate, forming a thin film of pyrene, and IR spectroscopy verified that the pyrene-coated magnetite surfaces were free of residual hexane. The surfaces of magnetite chips used as pyrene-free controls were prepared in a similar manner but with pure hexane. For some magnetite chips, an additional 1 µl of an aqueous solution of 300-ppm filter-sterilized ESHA at pH 7 was applied on top of the pyrene film. Other magnetite chips received 1 µl of plain deionized, organic-free water at pH 7. All the resultant samples were incubated in a humidified, 30ºC air incubator for four weeks to allow them to equilibrate.
We began the time-dependent pyrene biodegradation experiment by adding 2. 
